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We report the experimental realization of heralded distribution of single-photon path entangle-
ment at telecommunication wavelengths in a repeater-like architecture. The entanglement is es-
tablished upon detection of a single photon, originating from one of two spontaneous parametric
down-conversion photon pair sources, after erasing the photon’s which-path information. In order to
certify the entanglement, we use an entanglement witness which does not rely on postselection. We
herald entanglement between two locations, separated by a total distance of 2 km of optical fiber,
at a rate of 1.6 kHz. This work paves the way towards high-rate and practical quantum repeater
architectures.
Sharing photonic entanglement over long distances is
a key resource for building a quantum communication
network [1, 2]. In order to distribute entanglement to
two remote parties through optical fiber, quantum re-
peater schemes provide a solution to overcome the di-
rect transmission loss [3]. The basic idea is to divide
the whole distance into elementary links in each of which
entanglement is independently established in a heralded
way between two quantum memories. Finally, succes-
sive entanglement swapping operations between the links
are used to extend the entanglement over the whole dis-
tance. Among the different quantum repeater schemes,
those using single-photon path entanglement [4], where a
single photon is delocalized into two modes, are promis-
ing candidates for establishing such a network since they
require fewer resources as well as being less sensitive to
memory and detector inefficiencies compared to other re-
peater schemes due to their linear, rather than quadratic,
loss scaling [5].
A proposed postselection-free approach for entangle-
ment distribution, based on the erasure of the heralding
photon’s which-path information, is a modification of the
Duan-Lukin-Cirac-Zoller (DLCZ) protocol [6] that em-
ploys photon pair sources and multimode memories [7].
A practical implementation of this scheme, however, faces
two major challenges. It requires first, stabilization and
control of the optical phase between the two parties, and
second, a practical implementation for entanglement cer-
tification. Experiments overcoming both challenges by
employing individual matter qubits have been presented
with ions [8], quantum dots [9, 10], and nitrogen-vacancy
centers [11]. However, in all those table-top demonstra-
tions, entanglement was heralded by a photon outside
the telecom band and thus will need to be frequency con-
verted, which will further complicate the management of
phase in the network. An approach combining an atomic
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FIG. 1. Conceptual schematic of the experiment. A successful
detection of a photon at the central station, originating from
one of two photon pair sources, heralds the distribution of a
single-photon path-entangled state between Alice and Bob.
ensemble quantum memory at near-infrared wavelengths
and quantum frequency conversion to the telecom O-
band has recently been reported [12], however, the en-
tanglement was certified by recombining the entangled
modes (single-photon interference) which is not applica-
ble in a distributed scenario.
In this work we demonstrate a scheme for the heralded
distribution of single-photon path entanglement at tele-
com wavelengths over a distance of 2×1.0 km of optical
fiber, in a quantum repeater-like architecture (see Fig. 1).
The detection of a single photon at the central station
erases the which-path information about which one of the
two photon pair sources it was emitted from, and heralds
the distributed entangled state. The fiber connecting Al-
ice and Bob is part of a phase stabilized interferometer.
Another fiber (not shown), between Alice and Bob, closes
the interferometer and is connected to a laser that is used
to stabilize the interferometer. Inspired by an entangle-
ment witness [13] using displacement-based photon de-
tections [14], the distributed entanglement is measured
locally and certified by an entanglement witness that is
robust to loss, and does not make assumptions about the
state itself.
Concept.—Each of the two spontaneous parametric
down-conversion (SPDC) photon pair sources, held by
Alice and Bob, creates a two-mode squeezed vacuum
state with low photon pair creation probability per pump
pulse Ppair,A = Ppair,B  1. Two modes, one from each
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2source, are combined on a 50/50 beam splitter at the
central station. By neglecting contributions from higher
order pair creation probabilities O(Ppair), the resulting
state shared between Alice and Bob, conditioned on the
detection of a heralding photon, can be written as
|ψ〉AB =
1√
2
(
|10〉AB + ei(θB−θA)|01〉AB
)
, (1)
where |0〉 denotes the vacuum state, |1〉 the single-photon
number state, θA(B) = φA(B) + χA(B) with φA(B) the
phase of the pump before the source on Alice’s (Bob’s)
side and χA(B) the respective phase acquired by the pho-
ton traveling from the source to the central station [see
Ref. [7] for the derivation of Eq. (1) and a more com-
plete discussion]. The first conceptual challenge of this
scheme is to prove entanglement within the {|0〉, |1〉} sub-
space. This is possible using photon detection techniques
preceded by weak displacement operations [14–19], as de-
scribed in the following.
Displacement-based measurement.—We introduce the
bosonic annihilation and creation operators ai and a
†
i
with i ∈ {1, 2} acting on the photonic modes on Alice’s
(i = 1) and Bob’s (i = 2) sides. We assume non-photon-
number-resolving detectors, that is, only two different
measurement results can be produced in each run. A “no-
click” event is modeled by a projection on the vacuum
state |0〉〈0| whereas a “click” event corresponds to the
projection into the orthogonal subspace 1 − |0〉〈0|. If
we attribute the outcome +1 to a no-detection and −1
to a conclusive detection, the observable including the
displacement operation D(αi) = eαia
†
i−α∗i ai on mode i is
given by
σ(i)αi = D
†(αi)(2|0〉〈0| − 1)D(αi). (2)
In the qubit subspace {|0〉, |1〉}, σ(i)0 corresponds ex-
actly to the Pauli matrix σz on mode i. When α in-
creases in amplitude, the positive operator valued mea-
sure (POVM) elements associated with outcomes +1 get
closer to projections in the x − y plane of the Bloch
sphere [14]. For α = 1 (α = i), these POVM elements are
projections along non-unit vectors pointing in the x (y)
direction.
Entanglement certification.—Building upon the
displacement-based measurement, we now elaborate
on the theory behind the witness that we developed
to optimally certify path entanglement even in a lossy
environment. The certification of entanglement for
the state |ψ〉AB requires access to the coherence terms|01〉〈10| and |10〉〈01| as well as to the probabilities Pij
to have i photons on the first mode and j photons on
the second mode. A good entanglement witness for our
state is the observable
Wˆ = σ(1)α1 ⊗ σ(2)α2 , (3)
which is phase averaged according to
Wˆ =
1
2pi
∫ 2pi
0
dφ
( 2∏
i=1
eiφaˆ
†
i aˆi
)
Wˆ
( 2∏
i=1
e−iφaˆ
†
i aˆi
)
(4)
to take into account that from experimental run to run,
the global phase of the displacement parameter is arbi-
trary. Thus, the only remaining coherence terms in Wˆ
are exactly the desired ones between |01〉 and |10〉.
In order to demonstrate entanglement we use the
Peres-Horodecki criterion [20] stating that separable two-
qubit states have a positive partial transpose (PPT).
Considering the observable Wˆ , we first compute its max-
imum expectation value wppt (see Supplemental Mate-
rial Sec. II) for separable two-qubit states ρqubit, i.e.
ρqubit ≥ 0 and tr(ρqubit) = 1:
wppt = max
ρqubit
tr(ρqubitWˆ ) (5)
s.t. (i) ρT1qubit ≥ 0,
(ii) ρi,i = Pii,
where ρi,i denote the diagonal elements of ρqubit. The
advantage of using this witness together with condition
(ii) rather than a fixed linear combination of observables
as done in Ref. [13] is that we use all our knowledge of the
diagonal elements of the density matrix. This is equiva-
lent to considering a witness constructed from all possible
linear combinations of σ(1)α1 ⊗ σ(2)α2 , σ(1)0 ⊗ σ(2)0 , σ(1)0 ⊗ 1
and 1 ⊗ σ(2)0 which can detect more entangled states. If
we restrict ourselves to qubit states, the quantities Pij
are given by the measured quantities Pnc,nc, Pnc,c, Pc,nc
and Pc,c without displacement fields where, for example,
Pnc,c is the joint probability of having a “no-click” event
on the detector on mode 1 and a “click” event on mode
2. If the measured value of 〈Wˆ 〉 is larger than wppt, we
can conclude that our state is entangled.
To elaborate on the robustness of our witness, let us
consider the state ρη = (1 − η)|00〉〈00|AB + η|ψ〉〈ψ|AB
which corresponds to adding losses on the state |ψ〉AB .
One can easily check that there always exist settings α1
and α2 such that tr
(
ρηWˆ
)
> wppt for all efficiencies η
different than 0 (see Supplemental Material Sec. II). This
means that Wˆ has the ability to detect entanglement
for arbitrary loss on the state. Note the fact that we
considered detectors with unit efficiencies is still a valid
description of our measurement apparatus since one can
transfer the inefficiency of the detector to loss on the
state (see Supplemental Material Sec. IV).
In practice, the amplitude of displacement operations
may vary from run to run which could lead to false wit-
ness violations. To take into account those fluctuations,
we first bound them experimentally and then maximize
wppt accordingly, which leads to w˜ppt ≥ wppt (see Sup-
plemental Material Sec. III). Note that in order to reduce
the impact of amplitude fluctuations we choose the mean
amplitudes such that ∂2wppt/∂α1∂α2 = 0, which in our
case holds true for α1 = α2 ≈ 0.83.
So far, we derived the maximum expectation value
wppt a separable two-qubit state can achieve. To remove
the assumption on the dimension and hence to obtain
a state-independent entanglement witness, we derive a
general bound for all separable states (see Supplemental
3Material Sec. III)
wmaxppt = w˜ppt + p
∗
1 + p
∗
2
+ 2β
√
(p∗1 + p
∗
2)(1− p∗1 − p∗2)
(6)
where β = 2α1α2e−(α
2
1+α
2
2)
√
2(α41 + α
4
2) with αi ∈ R+
and p∗i denote upper bounds on the probabilities of hav-
ing more than one photon in mode i. The latter can be
bounded in practice by measuring twofold coincidences
after a 50/50 beam splitter. We can thus conclude about
entanglement in an arbitrary state ρ if tr
(
ρWˆ
)
> wmaxppt .
Experiment.—A schematic overview of the experimen-
tal implementation is presented in Fig. 2. We use two
nonlinear crystals as type-II SPDC sources pumped by
a pulsed laser at λp = 771.7 nm to create nondegenerate
photons at λs = 1541.3 nm (signal) and λi = 1546.1 nm
(idler). The photon pair creation probability per pump
pulse for each crystal is kept at Ppair ≈ 3× 10−3 in order
to keep the probability of having double-pair emissions
sufficiently low. Signal and idler modes are separated
after their generation at the polarizing beam splitters
(PBS) and coupled into single-mode optical fibers. The
idler photons are then sent to a 50/50 beam splitter (BS)
and are spectrally filtered by a dense wavelength division
multiplexer (DWDM) with a 100 GHz passband (ITU
channel 39). We therefore ensure high-purity heralded
signal photons and achieve a spectral overlap of 99.9 %
between idler photons originating from the two indepen-
dent sources (see Supplemental Material Sec. VIII). To
reduce the photon noise due to residual seed-pulse pho-
tons (see below), and unwanted optical reflections, arriv-
ing before the heralding idler photons, a gate of 2 ns is
generated by an electro-optic intensity modulator (EOM)
to temporally filter before the detector. The EOM has an
insertion loss of 5.0 dB and an extinction ratio of 33 dB.
In order to perform the displacement-based measure-
ment on the state shared between Alice and Bob, we
generate a coherent state with the same spectral, tem-
poral and polarization properties as the single photon
signal via a difference frequency generation (DFG) pro-
cess by stimulating the nonlinear crystals with a pulsed
distributed feedback (DFB) seed laser at a wavelength
λi = 1546.1 nm and repetition rate 19 MHz. The seed
laser is driven from well below to above the lasing thresh-
old each cycle to phase randomize the coherent state. For
the implementation of the displacement-based measure-
ment (see Supplemental Material Sec. VII), the single-
photon and the coherent states are temporally brought
to coincidence in an asymmetric Mach-Zehnder interfer-
ometer (AMZI) followed by a PBS to project the single-
photon and the coherent states into the same temporal
and polarization modes, which realizes the displacement
operation [15]. We increase the spectral overlap between
single-photon and coherent states by local filtering with
DWDMs (100 GHz passband at ITU channel 45).
To fulfill the phase stability requirement (see Supple-
mental Material Sec. VI), the central interferometer is
phase locked using the residual seed laser pulses at the
FIG. 2. Simplified schematic of the experimental setup for
the heralded distribution and certification of single-photon
path entanglement. A periodically poled lithium niobate
(PPLN) and a periodically poled potassium titanyl phosphate
(PPKTP) bulk nonlinear crystal are pumped by a pulsed
Ti:sapphire laser at λp in the picosecond regime with a repe-
tition rate of 76MHz for collinear type-II SPDC and seeded
by a pulsed DFB laser at λi with a repetition rate of 19MHz
for DFG. The idler photons are sent to the central station and
herald entanglement distribution. The signal photons and co-
herent states are sent to Alice and Bob, respectively, in order
to perform the displacement-based measurement. Photons
are detected by three superconducting nanowire single-photon
detectors (SNSPD).
central station. A piezoelectric fiber stretcher (PZT)
with a half-wavelength voltage of Vpi = 0.18 V and an
optical delay range of about 0.57 ps is actively controlled
such that the seed power at the second output port of
the 50/50 BS, measured with a photodiode (PD), is maxi-
mized. Note that we do not require phase-coherent pump
pulses (see Supplemental Material Sec. VI). Additionally,
and specific to our implementation of the displacement-
based measurement, the phase difference between the
AMZIs is stabilized (see Supplemental Material Sec. VII).
In order to demonstrate the feasibility of long-distance
entanglement distribution, we extend the central interfer-
ometer arm lengths from initially l = 42 m to l = 1.0 km
by inserting two fiber coils. This change additionally re-
quires active polarization control before the 50/50 BS as
well as active compensation of slow relative drifts in op-
tical length between the two interferometer arms. There-
fore, electronic polarization controllers (Phoenix Photon-
ics PSC) are inserted after the fiber coils to minimize the
seed power at the second output ports of the fiber PBSs
whose first output ports are connected to the polariza-
4FIG. 3. Characterization measurement of the central inter-
ferometer phase locking for l = 1.0 km. The graph shows the
measured seed power at the 50/50 BS output port 1 over a
duration of 8 h. The active feedback on the piezoelectric fiber
stretcher and the time delay feedback are turned on after
1.2min (inset). During the initial 1.2min, first path 1 of the
interferometer is left open only, then path 2, and afterwards
both paths are opened leading to interference.
tion maintaining 50/50 BS at the end of the central in-
terferometer. The slow relative optical length drifts are
compensated by actively setting ∆t3 (see Fig. 2) with a
motorized delay line such that the voltage applied to the
PZT is kept in range. In this way, we achieve long-term
phase stabilization as shown in Fig. 3 for a duration of
8 h.
The photons are detected by three in-house-developed
MoSi superconducting nanowire single-photon detectors
(SNSPD) with efficiencies ηd > 60 % and recovery times
τrec < 35 ns. Time correlated single-photon counting (ID
Quantique ID900) is used to register the events of a sig-
nal photon detected by Alice, by Bob, and coincidences
conditioned on the detection of an idler photon at the
central station within a 400 ps window with respect to
the 19 MHz clock signal. In the α-basis, we monitor the
displacement amplitudes by tracking the detection rates
caused by coherent states arriving 1 cycle (52 ns) later
than the expected signal photons.
Results.—A measurement of the witness as a function
of the relative phase between Alice’s and Bob’s displace-
ment operations is shown in Fig. 4. After the relative
phase is set to (θB−θA) = 0, counts were acquired in the
α-basis for 1 h and subsequently in the z-basis for 2.5 h by
blocking the coherent state paths in the measurement in-
terferometers. From the “click”-“no-click” events recorded
by Alice and Bob, the corresponding joint probabilities
are deduced (see Supplemental Material Sec. IX). We sep-
arately determined the probability of having more than
one photon locally in a Hanbury Brown-Twiss experiment
for both Alice and Bob. Together with the joint probabil-
ities measured in the z-basis as well as the displacement
parameter amplitudes used in the α-basis measurement,
we compute the estimator (see Supplemental Material
Sec. V) for the maximal separable bound wmaxppt accord-
ing to Eq. (6). The experimental value for the expecta-
tion value wexpρ of the witness Wˆ is computed from the
FIG. 4. Expectation value and PPT bound wmaxppt of the entan-
glement witness as a function of the relative phase (θB − θA)
between the displacement measurements for Alice and Bob
with l = 1.0 km. Values of 〈Wˆ 〉 larger than wmaxppt demon-
strate entanglement. For each phase setting, counts were ac-
quired for 200 s in the α-basis with α1 = 0.818+0.004−0.003 and
α2 = 0.830
+0.006
−0.007 indicating the mean, maximum and mini-
mum displacement amplitudes. Error bars of the measured
data represent 1 standard deviation.
measured joint probabilities in the α-basis by
wexpρ = (Pnc,nc + Pc,c − Pc,nc − Pnc,c)|α1,α2 . (7)
For the analysis of uncertainties on the separable
bound σmaxppt and on the experimental value of the wit-
ness σexpρ we assume the coincidence probabilities to be
independent and identically distributed (i.i.d.) random
variables (see Supplemental Material Sec. V). The ob-
tained results, as shown in Table I, certify a violation of
the entanglement witness by more than 5 standard de-
viations at a heralding rate of at least 1.4 kHz for fiber
distances of l = 42 m and l = 1.0 km inserted in each arm
of the central interferometer. The higher total heralding
rate in the case of l = 1.0 km is due to an elevated noise
contribution. The larger statistical significance of the re-
sult with l = 1.0 km compared to l = 42 m is mainly
attributed to a different alignment setting in the mea-
surement AMZIs leading to an increase of the transmis-
sion on the entangled state (see Supplemental Material
Sec. IX).
Discussion.—Single-photon quantum repeater schemes
are promising for fiber-based long-distance entanglement
distribution because of their favorable transmission loss
l νh (kHz) SNR wexpρ wmaxppt k
42m 1.4 12 0.0206(8) 0.0071(16) 5.6
1.0 km 1.6 5 0.0253(7) 0.0071(22) 6.2
TABLE I. Measured value wexpρ and calculated separable
bound wmaxppt of the entanglement witness for fibers of length
l inserted in each arm of the central interferometer at an ob-
served heralding rate νh and signal-to-noise ratio (SNR). The
witness is violated by k = (wexpρ −wmaxppt )/(σmaxppt + σexpρ ) stan-
dard deviations.
5scaling, their robustness to memory and detector ineffi-
ciencies and the need for fewer resources than protocols
based on two-photon detections [5]. We demonstrated
the feasibility of such a scheme by actively stabilizing the
phase of an interferometer with arm lengths of 1.0 km and
utilizing local displacement-based measurements for en-
tanglement certification. In our scheme the phase differ-
ence between the AMZIs also needs to be stabilized (see
Supplemental Material Sec. VII), however, in a quantum
repeater these AMZIs could be replaced, and the dis-
placement performed, by quantum memories [21, 22].
In principle, the scheme can be extended for real world
applications by using two individual pump lasers, adding
fiber before the sources to distribute the seed pulses and
further increasing the size of the central interferometer.
The main technical challenge in such an implementation
is the increase of phase noise in a larger central interfer-
ometer [23]. This would not only degrade the entangle-
ment, but also increase the leakage of residual seed laser
pulse photons towards the heralding detector. Our solu-
tion to suppress them with an EOM introduces unwanted
loss on the heralding photons, however, a better solution
would be to develop a gated SNSPD for the central sta-
tion.
In conclusion, we demonstrated the heralded distribu-
tion of single-photon path entanglement in a repeater-like
architecture. For a fiber distance of 2×1.0 km inserted
in the central interferometer we achieve a heralding rate
of 1.6 kHz and we certify a violation of the entanglement
witness by 6.2 standard deviations. These results high-
light the feasibility and challenges associated with real-
izing DLCZ-like quantum repeater architectures.
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6Supplemental Material: Heralded distribution of single-photon path entanglement
I. ENTANGLEMENT WITNESS
We consider a scenario where we have two protagonists, Alice and Bob, each of whom has a photonic mode labelled
1 and 2, respectively. We introduce the corresponding bosonic operators ai and a
†
i with i ∈ {1, 2}. We consider the
observable
Wˆ = σ(1)α1 ⊗ σ(2)α2 (8)
where σ(i)αi is realized on mode i with a single photon detector (non-photon-number-resolving detector) preceded by a
displacement operation D(α) = eαa
†
i−α∗ai . The explicit expression of σ(i)αi is given by
σ(i)αi = D
†(αi)(2|0〉〈0| − 1)D(αi) (9)
if one assigns the outcomes +1 when the detector does not click and −1 if it clicks. Moreover we consider the phase
averaging of our observable according to
Wˆ =
1
2pi
∫ 2pi
0
dφ
(
2∏
i
eiφa
†
iai
)
Wˆ
(
2∏
i
e−iφa
†
iai
)
. (10)
Additionally we perform measurements without displacement and thus have access to the probabilities Pnc,nc, Pc,nc,
Pnc,c, Pc,c, where for example Pnc,c is the probability that the first detector on mode 1 does not click and the second
one mode 2 clicks.
II. SEPARABLE BOUND IN QUBIT SPACE
We consider the qubit space {|0〉, |1〉} made with the vaccum and the single photon number state. We want to
find the maximum value of tr(ρsepqubitWˆqubit) a separable 2-qubit state ρ
sep
qubit can achieve. We use the Peres-Horodecki
criterion (also refered to as PPT criterion) stating that any two qubit state having a positive partial transpose (PPT
state) is separable and hence compute the maximum value of tr(ρsepqubitWˆqubit) a PPT qubit state can achieve knowing
the diagonal elements of ρsepqubit. Let us note that Wˆ have a simple structure in this qubit space
Wˆqubit =
w00 0 0 00 w01 wc01 00 wc10 w10 0
0 0 0 w11
 . (11)
We can thus write
tr(ρsepqubitWˆqubit) = w00P00 + w01P01 + w10P10 + w11P11 + wc01〈10|ρsepqubit|01〉+ wc10〈01|ρsepqubit|10〉 (12)
where Pij = 〈ij|ρsepqubit|ij〉 represents the probability to get i photons in mode 1 and j photons in mode 2.
Furthermore, the positivity of ρsepqubit implies that |〈01|ρsepqubit|10〉| ≤
√
P10P01. The positivity under partial transpose
imposes that |〈01|ρsepqubit|10〉| ≤
√
P00P11. The condition “ρ
sep
qubit is a PPT state” thus imposes that
tr(ρsepqubitWˆqubit) ≤ w00P00 + w01P01 + w10P10 + w11P11 + (wc01 + wc10) ·min(
√
P00P11,
√
P10P01). (13)
We observe that the separable states maximizing the witness satisfy
√
P00P11 <
√
P10P01. Moreover, from eqs. (8)
and (10) one easily sees that (wc01 +wc10) = 8α1α2e−α
2
1−α22 is non-negative. To simplify the expression we thus relax
the separable bound using min(
√
P00P11,
√
P10P01) ≤
√
P00P11. Computing all the coefficients w from Eqs. (8) and
7(10) we obtain
tr(ρsepqubitWˆqubit) ≤ wppt =
(
2e−α
2
1 − 1
)(
2e−α
2
2 − 1
)
P00
+ 8α1α2e
−α21−α22
√
P00P11
+
(
2α21e
−α21 − 1
)(
2α22e
−α22 − 1
)
P11
+
(
2α21e
−α21 − 1
)(
2e−α
2
2 − 1
)
P10
+
(
2e−α
2
1 − 1
)(
2α22e
−α22 − 1
)
P01.
(14)
where here αi ∈ R+ denote the displacement amplitudes. If the quantity V = (〈Wˆqubit〉 − wppt) is positive, we can
conclude that the measured state is entangled under the condition that it is a 2-qubit state.
To elaborate on the robustness of our witness with respect to losses on the state, let us consider the pure state
|Ψ+〉 = 1√
2
(|01〉+ |10〉). (15)
After traveling through a lossy channel with transmission η, this state becomes
ρη = (1− η)|00〉〈00|+ η|Ψ+〉〈Ψ+|. (16)
For such a state we have
V = 8α1α2e
−α21−α22 η
2
(17)
which is positive for all amplitude of the displacements. This means that Wˆ has the ability to detect entanglement
for arbitrary loss on the state |Ψ+〉. This statement can easily be generalized to every state of the form |ψ〉 =
(|01〉 + eiφ|10〉)/√2 by selecting the displacement parameters αi ∈ C in Eq. (8) accordingly. In the next section we
extend this witness to the case of an arbitrary Hilbert space.
III. SEPARABLE BOUND OUTSIDE THE QUBIT SPACE
A. Bound on wppt for displacement with fluctuating amplitudes
In practice, the amplitude of the displacement might fluctuate during the experiment. Averaging the amplitudes
for short times, we have access to a range of fluctuations α1 ∈ I1, α2 ∈ I2 with I1, I2 ⊂ R+. We thus simply consider
wppt ≤ max
α1∈I1,α2∈I2
((
2e−α
2
1 − 1
)(
2e−α
2
2 − 1
)
P00
+ 8α1α2e
−α21−α22
√
P00P11
+
(
2α21e
−α21 − 1
)(
2α22e
−α22 − 1
)
P11
+
(
2α21e
−α21 − 1
)(
2e−α
2
2 − 1
)
P10
+
(
2e−α
2
1 − 1
)(
2α22e
−α22 − 1
)
P01
)
.
(18)
In the case where we do not restrict ourselves to qubits, we replace P00 and P11 by Pc,c and Pnc,nc. Furthermore we
replace P10 and P01 by (Pc,nc − p∗1) and (Pnc,c − p∗2) if the maximization in Eq. (18) gives negative terms in front
of P10 and P01 where p∗1 > p(n1 ≥ 2) is a bound on the probability to get strictly more than one photon in mode 1
and similarly for p∗2. If the maximization in Eq. (18) gives positive terms in front of P10 and P01, we replace them by
Pc,nc and Pnc,c, respectively. We thus get
wppt ≤ C1Pnc,nc + C2
√
Pnc,ncPc,c + C3Pc,c + max
(
C4(Pc,nc − p∗1), C4Pc,nc
)
+ max
(
C5(Pnc,c − p∗2), C5Pnc,c
)
, (19)
where C1, C2, C3, C4, and C5 come from the maximization in Eq. (18).
8B. Bound on 〈Wˆ 〉 for separable state outside the qubit space
We consider the observable Wˆ represented by
Wˆ =
(
A B
B† C
)
(20)
and a state ρ of the form
ρ =
(
a b
b† c
)
, (21)
where a and A live in the two-qubit space HQ spanned by {|0〉, |1〉} and c and C live in a Hilbert space HC . We
define P2 as the trace of c so that the trace of a is equal to (1− P2). The parts are now arranged such that
tr(ρWˆ ) = tr(aA) + tr(b†B + bB†) + tr(cC). (22)
We are interested in particular in the maximum expectation value of Wˆ a separable state can achieve. We treated
the part which belongs to the qubit space above. We thus only have to find tight upper bounds on the quantities
tr(b†B + bB†) and tr(cC) that any state ρ satisfies.
Let us first deal with the term tr(cC), we have
tr(cC) = tr
((
0 0
0 c
)
Wˆ
)
≤ P2||Wˆ ||1 = P2, (23)
where ||Wˆ ||1 is the maximal eigenvalue of Wˆ , bounded by one by definition. This settles the issue.
Next, consider the term tr(bB†). We start with the singular value decomposition of b(
0 b
0 0
)
=
(
0 UDV †
0 0
)
=
L∑
i=1
di|ai〉〈ci|, (24)
where {|ai〉} and {|ci〉} are sets of orthonormal vectors on HQ and HC respectively, the singlular values di are
nonnegative real numbers, and L = min
(
dim(HQ), dim(HC)
)
= 4 in our case. Using Eq. (24) we can bound
|tr(bB†)| =
L∑
i=1
di|〈ci|B†|ai〉| ≤
(
L∑
i=1
di
)
bmax, (25)
where bmax is the maximal singular value of B†, or equivalently of B, it can be easily obtained from the definition of
the witness in Eq. (10), see later. It remains to upper-bound the term (
∑L
i=1 di).
To do so define a set of orthonormal states |ψi〉 ∈ HQ ⊕HC as
|ψi〉 = cos(θ)|ai〉+ sin(θ)|ci〉 (26)
for some parameter θ. As
∑L
i=1 |ψi〉〈ψi| ≤ 1 we obtain the following inequality
1 ≥
L∑
i=1
〈ψi|ρ|ψi〉 = cos2(θ)
(
L∑
i=1
〈χiA|a|χiA〉
)
+ sin2(θ)
(
L∑
i=1
〈χiC |c|χiC〉
)
+ 2 cos(θ) sin(θ)
L∑
i=1
di. (27)
Finally, by rearranging the terms we get the desired bound
L∑
i=1
di ≤
1− cos2(θ) (∑i 〈χiA|a|χiA〉)− sin2(θ) (∑i 〈χiC |c|χiC〉)
2 cos(θ) sin(θ)
≤ 1− cos
2(θ)tr(a)− sin2(θ)tr(c)
2 cos(θ) sin(θ)
=
1− cos2(θ)(1− P2)− sin2(θ)(P2)
2 cos(θ) sin(θ)
(28)
9for any value of θ. Minimizing the right hand side with respect to θ yields the final bound
L∑
i=1
di ≤
√
P2(1− P2). (29)
We thus have access to the two following inequalities in order to bound wppt,
tr(cC) ≤ P2, (30)
tr(b†B + bB†) ≤ 2
√
P2(1− P2)|bmax|, (31)
where P2 is the probability to have strictly more than one photon in at least one mode. For our witness, the phase
randomization kills all the terms in B except two, namely the photon-number preserving terms 2
√
2α1α
3
2|11〉〈02| and
2
√
2α31α2|11〉〈20|. We thus simply have
bmax = 2α1α2e
−α21−α22
√
2α41 + 2α
4
2 (32)
for which we consider the maximum value in I1 and I2
β = max
α1∈I1,α2∈I2
(
bmax
)
. (33)
The last part is to find a bound on P2 one can measure in the experiment. One has the probabilities
P2 = p(n1 ≤ 1 ∩ n2 > 1) + p(n1 > 1 ∩ n2 ≤ 1) + p(n1 > 1 ∩ n2 > 1), (34)
p∗1 ≥ p(n1 > 1) = p(n1 > 1 ∩ n2 ≤ 1) + p(n1 > 1 ∩ n2 > 1), (35)
p∗2 ≥ p(n2 > 1) = p(n1 ≤ 1 ∩ n2 > 1) + p(n1 > 1 ∩ n2 > 1), (36)
where ni denotes the number of photons in mode i. If we sum the two last quantities, we end up with an upper bound
on P2
p∗1 + p
∗
2 ≥ 2p(n1 > 1 ∩ n2 > 1) + p(n1 ≤ 1 ∩ n2 > 1) + p(n1 > 1 ∩ n2 ≤ 1)
= P2 + p(n1 > 1 ∩ n2 > 1)
≥ P2. (37)
In practice p∗i can be obtained by measuring the probability of coincidence after a 50/50 beam splitter. All together
with the first part, this implies that if a state ρ obeys
tr(ρWˆ ) > C1Pnc,nc + C2
√
Pnc,ncPc,c + C3Pc,c + max
(
C4(Pc,nc − p∗1), C4Pc,nc
)
+ max
(
C5(Pnc,c − p∗2), C5Pnc,c
)
+ p∗1 + p
∗
2 + 2β
√
(p∗1 + p
∗
2)(1− (p∗1 + p∗2))
(38)
then ρ is entangled.
IV. NON UNIT DETECTION EFFICIENCY
We considered so far that the measurement are realized with non-photon-number-resolving detectors preceded by
displacement operations in phase space. As explained in the main text, we assign the outcome +1 to a no-detection
and −1 to a conclusive detection event. Given a state ρ in the mode 1 corresponding to the bosonic operators a1 and
a†1, the probability to get a outcome +1 (Pnc) using a displacement with argument α1 is given by
Pnc = tr(D†(α1)|0〉〈0|D(α1)ρ). (39)
In the case where the detector has a finite efficiency, we can model the detector inefficiency with a beam splitter
having a transmission η = cosϕ2, that is
Pnc = tr(D†(α1)U†|0¯〉〈0¯|UD(α1)ρ) (40)
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with U = eϕ(a
†c−c†a), the auxiliary mode described by c and c†, being initially empty. The state |0¯〉 corresponds to
the projection onto the vacuum for both modes. Commuting the beam splitter and displacement operation leads to
Pnc = tr(U†D†(α1
√
η)|0¯〉〈0¯|D(α1√η)Uρ). (41)
This means that we can model the detection inefficiency as loss operating on the state that is measured if the amplitude
of the displacement operation is changed accordingly. Hence, the fact that we consider detectors with unit efficiencies
is still a valid description of our measurement apparatus where we do not need any assumptions on our state nor on
the efficiency of our detectors.
V. FINITE STATISTIC ANALYSIS
All quantities that are measured are frequencies. We make the i.i.d hypothesis. For N clicks on the heralded
detectors, na clicks on Alice detectors (and no clicks on Bob detector), nb clicks on Bob detectors (and no clicks
on Alice detectors) and nd double clicks, we take the following estimators Pc,nc = naN , Pnc,c =
nb
N , Pc,c =
nd
N and
Pnc,nc =
(
1− na+nb+ndN
)
. We proceed in the same way for the estimator of p∗1 and p∗2. The corresponding standard
deviations are
σc,c =
√
Pc,c(1− Pc,c)√
N
, σc,nc =
√
Pc,nc(1− Pc,nc)√
N
, σp∗1 =
√
p∗1(1− p∗1)√
N
,
σnc,nc =
√
Pnc,nc(1− Pnc,nc)√
N
, σnc,c =
√
Pnc,c(1− Pnc,c)√
N
, σp∗2 =
√
p∗2(1− p∗2)√
N
.
When the dependence of the witness with respect to the probabilities is linear, then the standard deviations can be
added straightforwardly. Let us focus on the terms
√
Pnc,ncPc,c. One cannot find an unbiased estimator for this term
but one can bound it by a linear quantity
√
Pnc,ncPc,c ≤ Pnc,ncPc,c + Pc,cPnc,nc
2
√
Pc,c Pnc,nc
. (42)
The same holds for the term
√
(p∗1 + p
∗
2) (1− (p∗1 + p∗2)) which we bound according to√
(p∗1 + p
∗
2) (1− (p∗1 + p∗2)) ≤
(p∗1 + p
∗
2)− 2(p∗1 + p∗2)(p∗1 + p∗2) + (p∗1 + p∗2)
2
√
(p∗1 + p
∗
2) (1− (p∗1 + p∗2))
. (43)
Note that Ineq. (43) holds for (p∗1 + p∗2) ≤ 12 . The parts are now arranged such that an upper bound to the separable
bound can be estimated according to
wmaxppt = C1Pnc,nc + C2
Pnc,nc Pc,c + Pc,c Pnc,nc
2
√
Pc,c Pnc,nc
+ C3Pc,c + max
(
C4(Pc,nc − p∗1), C4Pc,nc
)
+ max
(
C5(Pnc,c − p∗2), C5Pnc,c
)
+ p∗1 + p
∗
2 + 2β
(p∗1 + p
∗
2)− 2(p∗1 + p∗2)(p∗1 + p∗2) + (p∗1 + p∗2)
2
√
(p∗1 + p
∗
2) (1− (p∗1 + p∗2))
.
(44)
With the assumption of independent measurements for each probability, the standard deviation of this estimator is
upper bounded by
σmaxppt = C1σnc,nc + C2
σnc,nc Pc,c + σc,c Pnc,nc
2
√
Pc,c Pnc,nc
+ C3σc,c + |C4|(σc,nc + σp∗1 ) + |C5|(σnc,c + σp∗2 )
+ σp∗1 + σp∗2 + 2β
(σp∗1 + σp∗2 )− 2(σp∗1 + σp∗2 )(p∗1 + p∗2) + (p∗1 + p∗2)
2
√
(p∗1 + p
∗
2) (1− (p∗1 + p∗2))
.
(45)
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In the same way, one can define an estimator for 〈Wˆ 〉
wexpρ = Pc,c + Pnc,nc − Pc,nc − Pnc,c (46)
and the standard deviation of this estimator
σexpρ = σc,nc + σnc,c + σc,c + σnc,nc. (47)
We then say that we observe a violation of our witness by k standard deviations if
wmaxppt − wexpρ = k(σmaxppt + σexpρ ). (48)
VI. PHASE LOCKING REQUIREMENT
In order to detect entanglement in a state of the form |ψ〉 = (|01〉+ eiφ|10〉)/√2, our witness makes use of displace-
ment operations on both modes (see Eq. (8)). For such a measurement, the joint coincidence probabilities Pij will
depend on optical phases acquired in the experimental setup. In the following, we will calculate the expected joint
probability P00 of having a no-click event in both modes for our experimental setup which will give rise to a phase
locking requirement if we want to be able to detect entanglement. The calculation for joint probabilities different
than P00 would lead to the same requirement.
P00 = |〈00|ABD(α1)D(α2)|ψ〉AB |2
=
∣∣∣∣〈00|ABD(α1)D(α2) 1√2
(
ei(φA+χA+ξA,l)|10〉AB + ei(φB+χB+ξB,l)|01〉AB
)∣∣∣∣2
=
1
2
∣∣∣ei(φA+χA+ξA,l)〈00|ABD(α1)|1〉A|α2〉B + ei(φB+χB+ξB,l)〈00|ABD(α2)|α1〉A|1〉B∣∣∣2 , (49)
where D(α1(2)) denotes the displacement operator acting on mode A(B) with displacement parameters α1(2) =
|α1(2)|ei(φA(B)−ζA(B)+ξA(B),s).
• φA(B) is the phase of the pump before the crystal,
• ζA(B) the phase of the seed laser before the crystal,
• χA(B) the phase picked up from the crystal to the central station,
• ξA(B),l(s) the phase from the crystal to the detector through the long (short) arm of the AMZI
on Alice’s (Bob’s) side as shown in Fig. 5. This leads us to
P00 =
1
2
∣∣∣ei(φA+χA+ξA,l)e−|α2|2/2〈−α1|1〉A + ei(φB+χB+ξB,l)e−|α1|2/2〈−α2|1〉B∣∣∣2
=
1
2
∣∣∣ei(φA+χA+ξA,l)e−(|α1|2+|α2|2)/2(−α∗1) + ei(φB+χB+ξB,l)e−(|α1|2+|α2|2)/2(−α∗2)∣∣∣2
=
1
2
e−|α1|
2−|α2|2
∣∣∣ei(φA+χA+ξA,l)|α1|e−i(φA−ζA+ξA,s) + ei(φB+χB+ξB,l)|α2|e−i(φB−ζB+ξB,s)∣∣∣2 (50)
FIG. 5. Schematic of the experimental setup with the relevant phases. PBS, polarizing beam splitter; BS, beam splitter; DM,
dichroic mirror; λ/2, half-wave plate.
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and setting |α| = |α1| = |α2| for simplicity yields
P00 =
1
2
|α|2e−2|α|2
∣∣∣ei(ζA+χA+ξA,l−ξA,s) + ei(ζB+χB+ξB,l−ξB,s)∣∣∣2 . (51)
We note that the phases of the pump before the crystals φA and φB cancel out. In order to keep P00 constant, we
therefore require
ζA + χA + ξA,l − ξA,s = ζB + χB + ξB,l − ξB,s + const. (52)
This can be achieved by locking the central interferometer according to
(ζA + χA) mod 2pi = ζB + χB + pi (53)
and the two asymmetric Mach-Zehnder interferometers (AMZI) for the displacement-based measurement such that
(ξA,l + ξB,s) mod 2pi = ξA,s + ξB,l + pi. (54)
VII. EXPERIMENTAL SETUP: PHASE LOCKING OF THE MEASUREMENT INTERFEROMETERS
A schematic overview of the experimental implementation is presented in Fig. 6(a). To fulfill the crucial phase
stability requirement derived in Sec. VI, we need to phase lock the central interferometer as described in the main
text, and specific to our implementation of the displacement-based measurement, the phase difference between the
AMZIs shown in Fig. 6(b).
We first note that in the common paths of the coherent state and the single-photon state, their short temporal
separation of 13 ns intrinsically guarantees the phase stability since the phase changes occurring over this time scale
are negligible. However, the phase has to be actively stabilized in the AMZIs which temporally bring the single-photon
and coherent states to coincidence. We therefore inject distributed feedback (DFB) laser pulses at λr = 1559.0 nm
of about 10 ns duration at a repetition rate of 19 MHz traveling in the reverse direction to the signal, first through
Alice’s AMZI, then through Bob’s, as schematically shown in Fig. 6(b). The resulting averaged signal shows 50 %
visibility interference fringes as a function of the phase difference between the long-short and short-long paths in the
measurement AMZIs, which is kept at a constant set-point by controlling a piezo-actuated mirror in the long arm of
Bob’s AMZI.
FIG. 6. (a) Simplified schematic of the experimental setup for the heralded distribution and certification of single-photon path
entanglement. (b) Detailed schematic of the implementation for the displacement-based measurement using two asymmetric
Mach-Zehnder interferometers (AMZI) with path difference corresponding to 13 ns. The phase locking technique makes use of
a pulsed DFB laser at λr = 1559.0 nm with a repetition rate of 19MHz and pulse duration of about 10 ns. HWP, half-wave
plate; QWP, quarter-wave plate.
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The phase difference of the displacement fields between Alice and Bob is scanned and set with a liquid crystal
(LC; Thorlabs LCC1111T-C) in the locking laser path before Bob’s AMZI. The LC is aligned with the subsequent
polarizing beam splitter (PBS) and therefore the signal in the long arm of Bob’s AMZI is selectively retarded with
respect to the signal in the short arm. In this way, the LC allows us to induce an additional relative phase between
the displacement fields on Alice’s and Bob’s side over a range of pi. In order to suppress unwanted reflections of the
locking laser leaking to the detectors, we use fiber Bragg gratings (FBG) rejecting light at λr.
VIII. SPECTRAL OVERLAP AND TEMPORAL ALIGNMENT
FIG. 7. Normalized measured spectra and Gaussian fit of (a) idler photons from independent sources before the heralding
detector, (b) coherent state (Cs) and heralded signal photon (Ph) before Alice’s detector and (c) before Bob’s detector. All
spectra are measured with a tunable grating filter with a FWHM of 0.2 nm inserted before the corresponding superconducting
nanowire single-photon detector.
To ensure high-purity heralded signal photons, we spectrally filter the heralding idler photons [24] emitted from
the PPLN crystal on Alice’s side and from the PPKTP crystal on Bob’s side after the 50/50 beam splitter by using a
dense wavelength division multiplexer (DWDM) with a 100 GHz passband at ITU channel 39 (λ = 1546.12 nm). The
expected HOM visiblity due to finite spectral overlap between the idler photons (see Fig. 7(a)) assuming Gaussian
spectral distribution (see Eq. 5.14 in [25]) amounts to 99.9 %.
We also spectrally filter before Alice’s and Bob’s detectors with two DWDMs at channel 45 (λ = 1541.35 nm) and
achieve a spectral overlap between the single-photon and coherent states [26] used for the displacement operation of
more than 99 %, as shown in Figs. 7(b-c).
The fine temporal alignment of the central interferometer is achieved in the following way. First, the seed laser is
replaced by a low coherence white light source and the motorized fiber delay line ∆t3 (see Fig. 6(a)) is set such that
the observed interference visibility at the central station is maximized. Second, the white light source is exchanged
by a cw laser at the signal wavelength λs such that together with the pulsed pump laser, a coherent state at the idler
wavelength λi is created via difference frequency generation (DFG) in both crystals. The delay ∆t2 is then adjusted
such that again the observed interference visibility at the central station is maximized. Third, the pulsed seed laser
is put back in its place and the electronic delay ∆t1 is set such that pump and seed pulses overlap. This procedure
ensures temporal indistinguishability of the idler photons from the two independent sources at the central station.
IX. RESULTS
The measured joint probabilities in the α- and z-basis as well as the local probability of having more than one
photon locally p∗i are given in Table II. In the case of l = 42 m of optical fiber inserted in each arm of the central
interferometer, we measured lower probabilities for Pc,nc and Pnc,c in the z-basis compared to the case of l = 1.0 km.
These probabilities are direct measures of the signal photon transmissions. The difference can be explained by the
realignment of the measurement AMZIs between the two experimental runs leading to an increase of the transmission
on the signal photons in the case of l = 1.0 km.
The results of the entanglement witness are given in Table III. We detect photons at the central station at a
heralding rate νh with the indicated signal-to-noise ration (SNR). The values for wexpρ are computed from the joint
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probabilities in the α-basis. We further calculate the values for the PPT bound wppt according to Eq. 14, the bound
including fluctuations of the displacement amplitudes w˜ppt according to the RHS of Ineq. 18 and the bound with
additional contributions from outside the qubit space wmaxppt according to the RHS of Ineq. 38.
For l = 42 m, we measured at two different displacement amplitudes. The theoretical values for the amplitudes of
the displacement parameters leading to the largest violation of our witness are α1 = α2 = 1/
√
2 ≈ 0.71, however, the
witness is more robust to experimental fluctuations of the displacement parameter amplitudes if ∂2wppt/∂α1∂α2 = 0,
which in our case holds true for α1 = α2 ≈ 0.83. This can be seen by comparing the difference between w˜ppt and wppt
for the two α-settings.
We observe lower SNR for larger α as well as for longer fiber. We suspect this elevated noise background to be
backward-scattered and forward-reflected Raman light that leaks through the DWDM before the heralding detector.
One solution to this problem might be additional spectral filtering, however, leading to lower transmission on the
heralding photons.
l α1 α2 Basis Pnc,nc Pnc,c Pc,nc Pc,c p∗1 p∗2
42m
0.720+0.014−0.010 0.710
+0.008
−0.008
z 0.96834(4) 0.01431(3) 0.01735(3) 0.0000044(5)
2.5(3)× 10−6 5.1(4)× 10−6α 0.3604(2) 0.2305(2) 0.2407(2) 0.1684(2)
0.804+0.010−0.009 0.819
+0.003
−0.004
z 0.96935(5) 0.01515(3) 0.01550(3) 0.0000052(6)
α 0.2715(2) 0.2504(2) 0.2393(2) 0.2388(2)
1.0 km 0.819+0.005−0.007 0.837
+0.006
−0.007
z 0.96142(5) 0.01881(4) 0.01977(4) 0.0000059(6)
3.2(4)× 10−6 1.25(8)× 10−5
α 0.2575(2) 0.2504(2) 0.2370(2) 0.2552(2)
TABLE II. Measured joint probabilities in the z- and α-basis for different fiber lengths l in each arm of the central interferometer.
The displacement parameter amplitudes αi are the mean amplitudes for the α-basis measurement with bounds on the minimum
and maximum observed values during the 3600 s of measurement. The probabilities of having more than one photon p∗1 on
Alice’s side and p∗2 on Bob’s side are separately determined for each experimental run by measuring the heralded g2(0). The
uncertainties on all probabilities are 1 standard deviations as calculated in Sec. V.
l νh (kHz) SNR α1 α2 wexpρ wppt w˜ppt wmaxppt k
42m
1.4 18 0.720+0.014−0.010 0.710
+0.008
−0.008 0.0576(8) 0.0391(2) 0.0451(2) 0.0472(14) 4.8
1.4 12 0.804+0.010−0.009 0.819
+0.003
−0.004 0.0206(8) 0.0039(2) 0.0045(2) 0.0071(16) 5.6
1.0 km 1.6 5.0 0.819+0.005−0.007 0.837
+0.006
−0.007 0.0253(7) 0.0031(2) 0.0033(2) 0.0071(22) 6.2
TABLE III. Measured expectation value of the entanglement witness wexpρ and calculated separable bound wppt, including
fluctuations of the displacement amplitudes w˜ppt and additional contributions from outside the qubit space wmaxppt for fibers of
length l inserted in each arm of the central interferometer at an observed heralding rate νh. The indicated heralding rate includes
noise that we observe with the indicated signal-to-noise ratio (SNR). The witness is violated by k = (wexpρ −wmaxppt )/(σmaxppt +σexpρ )
standard deviations.
